Confocal line detection has been shown to improve contrast in light-sheet-based microscopy especially when illuminating the sample by Bessel beams. Besides their self-reconstructing capability, the stability in propagation direction of Bessel beams allows to block the unwanted emission light from the Bessel beam's ring system. However, due to phase aberrations induced especially at the border of the specimen, Bessel beams may not propagate along lines parallel to the slit detector. Here we present a concept of how to correct the phase of each incident Bessel beam such that the efficiency of confocal line detection is improved by up to 200%-300%. The applicability of the method is verified by the results obtained from numerical simulations based on the beam propagation method.
Introduction
Light-sheet-based microscopy (LSBM) provides wide-field optical sectioning in large samples by exciting fluorescence only in a thin volume around the focal plane of the detection optics. The sample is typically illuminated by a separate optical system oriented orthogonally to the detection optical axis [1, 2] . An optimal image quality is obtained for very thin light sheets that homogeneously illuminate the imaged plane. However, the defined shape of a light sheet is strongly degraded due to diffraction and scattering of illumination light by the sample [3] .
A light sheet with advantageous properties can be generated by scanning a Bessel beam across the field of view in the focal plane. Due to the selfreconstructing capability of Bessel beams, beam spreading and scattering are reduced, resulting in a more homogeneous light sheet and increased penetration depth [4] . This allows to examine details deeper within large, scattering samples. Bessel beams can be generated very flexibly by using spatial light modulators (SLMs), placed in a conjugate plane to the illumination objective's (IO's) focal plane. The thin central lobe of a Bessel beam, however, is surrounded by an extended ring system that carries a significant amount of energy. When the beam is scanned across the field of view, the images of the rings smear out and thereby effectively create a light sheet much thicker than the central lobe. This averaging effect results in images with reduced contrast [5, 6] . As the energy in the rings is crucial to the beam's self-reconstruction ability, it cannot be reduced. However, it is possible to block the (fluorescence) light emitted from the ring system by using a slit detector, which enables confocal line detection [7] [8] [9] . A sketch of this principle is given in Fig. 1 . This method has been shown to be especially advantageous to Bessel beams, which reveal an inherent propagation stability along a specific direction that is significantly better than that of a conventional Gaussian-shaped laser beam. In this way resolution and contrast can be significantly increased.
However, due to phase aberrations induced especially at the borders of large specimen, such as embryos [10] , cell clusters [11] , or small plants [12] , Bessel beams may be deflected as well. The refraction due to a jump in refractive index between the surrounding medium, typically an agarose gel, and the higher refractive index of the specimen can result in the deviation of the Bessel beam's main maximum of some degrees. Very often the border of 0.1-0.5 mm large objects is of spherical shape, such that each incident Bessel beam is refracted under a different (mean) angle.
In this study we describe a method of how to correct the phase of Bessel beams incident on a near spherical object of unknown mean radius and mean refractive index by analyzing the transmitted laser light. Among other methods, the angular deviation of the Bessel beam's main intensity maximum relative to the illumination optical axis can be measured interferometrically in a plane behind the object. Using a small number of reference measurements of the spectrum of outgoing beams, the spectrum of all incident beams can be corrected in such a way that the main lobe of the Bessel beam inside the object propagates parallel to the slit detector. In this way the confocal line detection principle can be applied very efficiently, resulting in a more homogeneous sample illumination across the field of view and a better localized illumination in the back part of the sample. Our concept is proven by numerical computer simulations based on the beam propagation method (BPM) [13] , where a large number of phase-corrected Bessel beams propagate through a large homogeneous sphere and nonhomogenous cluster of cells. Section 2 of this paper presents a possible setup to retrieve the phase of each transmitted beam by interferometry. Section 3 introduces the basic principles of beam propagation through two different refractive index model distributions. Section 4 explains the benefits and the problems with confocal line detection in LSBM. Section 5 presents a method to correct for the propagation angle inside the sample based on geometrical optics. In Section 6 we discuss the transfer to wave optics and phase retrieval by two beam interference. The main results of this study are presented in Section 7.
Setup Scheme
Our imaging simulation is based on a standard lightsheet-based microscope using laterally scanned illumination beams [4, 10] . As illustrated in Fig. 1 , an SLM modulates the phase of the incident illumination beam to ϕ holo x; y, which is conical in the case for a Bessel beam. The Bessel beam (in blue colors) illuminates the object from the side. While the Bessel beam propagates through the labeled object-a cluster of spheres-fluorescence is emitted along the illumination beam and detected by NA DO 1.0 detection objective (DO). The camera (CAM CL ) in the image plane is either a 2D camera with a rolling line confocal mask or a 1D line camera with additional descanning mirrors. By using this slit detection principle, only fluorescence along the central main lobe of the Bessel beam is detected and fluorescence excited by the Bessel ring system is blocked. The numerical apertures of the IO and transmission objective (TO) are assumed to have NA IO NA TO 0.35.
While propagating through the object, single plane wave components of the Bessel beam are deflected by the object, which results in a deviation of the conical phase behind the object. This phase deviation can be determined to a good approximation by phaseshifting interferometry with a reference beam as indicated in principle in Fig. 1 . The three or four different interference intensities are measured by a camera (CAM trans ) and analyzed by a computer, and a corrected phase Δϕx; y is modulated onto the incident beam by the SLM to improve the propagation behavior of each single illumination beam. As we will show later, the main lobe of the Bessel beam has to propagate parallel to the slit orientation on the camera CAM CL to produce a high-quality image with a homogeneous object illumination in the focal plane of the DO.
Beam Propagation through an Inhomogeneous Medium
A series of illumination beams displaced in x direction and propagating through an extended object along the z direction forms a light sheet in the xz plane, which is then imaged onto the camera along the y direction (see Fig. 1 ). To obtain the intensities inside and behind the inhomogeneous object, we numerically calculate the electric field by using a scalar BPM [13] .
Here the angular spectrum of the electric field at a distance z dz propagating through the sample can be described by Ẽ k x ; k y ; z dz FTEx; y; z · e −ik 0 ·δnx;y;z·dz
FT… denotes the Fourier transform in x and y, and k 0 2π∕λ the vacuum wave number. The spacedependent refractive index nr n m δnr changes by δnr < δn max around the mean value n m , typically defined by the index of the scatterer's environment.
A. Refractive Index Distribution
In this paper we used two different refractive index distributions with n m 1.33 and δn 0.08. The first one is that of a large centered sphere (sp) of radius R sp 23.5 μm such that n sp x; y; z n m δn · step
where stepr 1 if r > 0 (and 0 otherwise) designates the Heaviside step function. The other index distribution is that of a cell cluster, which also has a radius of R sp R cc 23.5 μm but contains N 22;606 single cells (sc). These cells consist of a shell with an outer radius R sc 1.1 μm and inner radius 0.85 · R sc reflecting the increased index n 1.33 0.08 of the cell membrane and actin cortex relative to a mean index n 1.33 2 ∕ 3 · 0.08 of the cell plasma (the nucleus is disregarded).
The cells are arranged in arbitrary order inside a spherical volume:
The volume fraction of the cells inside the spherical volume cluster is 85%, leaving small volume gaps between the cells with index n m 1.33. The projection of the refractive index distribution along the propagation direction-the optical path length OPL(x)-is plotted for both the large sphere and the cell cluster, demonstrating that the large sphere is a simplified model of the cell cluster. The mean free path lengths of the photons (corresponding to the penetration depth of the illumination beam) are several hundred micrometers as measured recently for different illumination beams propagating through cancer cell spheroids [14] .
B. Bessel Beam Propagation
The angular spectrum of a Bessel beamẼk x ; k y ; z −24 μm in front of the object (corresponding to the field at BFP IO ) has an annular shape, as shown by the red ring on the left of Fig. 3(a) . The ring thickness in the k x ; k y plane determines the relative amount of energy in the main lobe of the Bessel beam and thereby the self-reconstruction ability and the depth of field, which must be adapted to the object extension. The resulting intensity Ix; z along the propagation direction as visible in the focal plane of the DO is shown in the middle, whereas the phase ϕ holo x; y generated by the SLM is shown on the right of Fig. 3(a) . In Fig. 3 (b) the corresponding angular spectrum, the intensity in the DO focal plane, and the phase profile are shown for a tilted Bessel beam. Whereas the intensity cross section and the angular spectrum of a Bessel beam remain approximately constant during free space propagation, as illustrated in Fig. 3 , the Bessel beam's ring spectrum spreads out during propagation through an inhomogeneous medium such as a cluster of cells. Figure 4(a) shows the cross section of the logarithmic angular spectrum intensityĨk x ; 0; z jẼk x ; 0; zj 2 as a function of the propagation distance. Here, the ring spectrum with initial focusing angle k x 2π∕λ· sinθ ≈ 7∕μm corresponding to NA IO 1 · sin20.5° 0.35 broadens due to scattering at a cluster of cells. Figure 4(b) shows the logarithmic power spectrum Ik x ; k y ; z end behind the cluster of spheres, which reveals the distorted ring spectrum of a Bessel beam.
Confocal Line Detection
In the following we will designate the intensity distribution of a single beam h SB x − b x ; y; z jEx − b x ; y; zj 2 . This beam is displaced by b x and propagated through an inhomogeneous medium according to Eq. (1). By adding up all displaced beams h SB along the x direction, one can generate a scanned light sheet h scan r R h SB r − b x db x . The resulting 3D image of the light-sheet p LS r is generated by the fluorophore distribution Cr multiplied by the illumination intensity h scan r) and then convolved (symbol ) with the detection point-spread function h det r:
In the second line we have assumed the fluorophore distribution Cr C 0 to be homogeneous all over the sample and the detection point-spread function h det r to be narrow in all three dimensions, such that its influence can be disregarded. In the case of confocal line detection, the fluorophore distribution is convolved, with a system point-spread function [9] that can be approximated by h CL r ≈ h SB r · h det r, such that the confocal line image p CL r is given by
The beneficial effect of confocal line detection especially for Bessel beams is illustrated in Fig. 5 , where three xy cross sections (at z 0) of the 3D images are shown; they are computed according to Eqs. (4) and (5) . Whereas in Fig. 5(a) Figure 6 (b) illustrates the deflection of the Bessel beams at both the first and second spherical interfaces. Due to the Bessel beam's extended ring system the illumination intensity inside the sphere is homogeneous, although the optical sectioning is as bad as shown in Fig. 5(a) . However, by applying confocal line detection as sketched by the slit in Fig. 6(b) , the (fluorescence) intensity along the slit decays strongly. The decay of the detected intensity along z is stronger the more each single beam is deflected out of the slit area. This effect results in a rather inhomogeneous illumination intensity inside the large spherical object, as shown in Fig. 6(c) . 
Geometric Phase Correction for Spherical Objects and Clusters
Following this, the evident idea is to tilt every single Bessel beam incident on the first interface, to make it propagate parallel to the detection slit after refraction at this interface. For our approach this requires several conditions to be fulfilled. First, the Bessel beam must be tilted by the SLM, as shown in Fig. 3 . Second, the central lobe of the intensity distribution of the Bessel beam behaves similarly to a ray in geometrical optics, which refracts at interfaces according to Snell's law. Third, the angle of the Bessel beam exiting the spherical object with unknown refractive index and radius is measurable from the spectrum of outgoing angles.
This geometrical situation is illustrated in Fig. 7 , where a ray is incident on the first interface with angle θ 1 and transmitted with angle θ 2 relative to the sphere's normal. At the second interface the ray is refracted again. The mean refractive index outside the spherical object is n 0 , while the mean refractive index inside the object is n 1 n 0 δn. Using the paraxial approximation of the ray transfer matrices, we obtain the following relation for the uncorrected incident beam with angle α 0 0 and initial lateral beam displacement x 0 n 0 α EU
a 21 a 22
and a 11 a 12
By knowing or measuring the axial distances z 0 and z E and measuring α EU and x EU , it is possible to retrieve the unknown sphere radius R and mean refractive index n 1 of the specimen. For small beam displacements x 0 , one can approximate d l ≈ 2R. From Eqs. (6) and (7) we find for the angle α EU ≈ x 0 ∕n 0 · −2δn∕R 2δn 2 ∕n 1 R and for the displacement x EU ≈ z E · α EU x 0 1 -2δn∕n 1 . Solving for the unknown variables we find
In principle, these parameters can be extracted from only one reference measurement for small x 0 as defined in Eqs. (8) and (9) . In the case of the ideal sphere basically one measurement is sufficient. In the case of the sphere cluster typically the average of a few reference measurements should be taken in order to minimize scattering artifacts depending on the start position x 0 of the Bessel beam. Having estimated the radius and the mean refractive index of the large sphere or the cell cluster, it is easily possible to deduce the required tilt α 0C and start position x 0C of the Bessel beam.
The beam tilt enables a straight propagation inside the specimen and thereby an efficient use of the line-confocal principle. However, in order to obtain the desired displacement b x inside the specimen, the corrected beam is also shifted with respect to the uncorrected one. The tilt angle α 0C can be obtained as follows: The new start position of the beam with respect to the center of the sphere reads (see Fig. 7 ):
6. Recovering the Phase behind a Spherical Specimen
As sketched in Fig. 1 , we exploit the interference between the Bessel beam propagating through the medium and a Gaussian reference beam. The electric field of the Bessel beam obtains an additional phase due to scattering and refraction, such that the electric field for each incident beam displacement x 0 b x and behind the object at z z end can be written as E B x; y; z end ; b x E 0B x; y; z end ; x 0 · expiϕ B x; y; x 0 · expiϕ def x; y; z end ; x 0 :
Here ϕ B is the conical phase of an ideal Bessel beam and the ϕ def describes the phase change due to beam deflection and scattering. In our case we shift the phase of the Bessel beam by ϕ B; j j · π∕2j 0; 1; 2; 3 relative to the Gaussian beam by either the SLM or a piezo-driven mirror such that E B;j x; y; z end ; b x E B x; y; z end ; b x · expiϕ B; j : (13) With the field of the Gaussian beam E G x; y; z end E 0G x; y expiϕ G the resulting interference intensity at the position of the CAM trans thus reads I tot;j x; y; b x I 0B x; y; b x I 0G x; y 2 I 0B I 0G p cosΔϕ j x; y; b x : (14)
By using the principles of phase-shifting interferometry [16] , it is straightforward to extract the phase ϕ def x; y; b x and the approximate mean k-vector kb x ∼ R ∇ϕ def x; y; b x dxdy of the Bessel beam behind the object at z z end . To illustrate this concept, Fig. 8 displays four different interference intensities according to Eq. (14) and the retrieved phase ϕ def x; y; b x for a Bessel beam displaced by b x . Alternatively, the mean k-vector and mean propagation angle of the exiting Bessel beam can be determined by free-space backpropagation of the field E B x; y; z end ; b x .
Results
By applying the procedure described in the previous sections, we can correct each incident angle of each displaced Bessel beam, such that all beams propagate in parallel through the specimen. Thereby significantly more fluorescence light is collected when applying the confocal line detection principle. The potential of this beam correction method is demonstrated by the results shown in Fig. 9(a) , where the uncorrected Bessel beams lead to an inhomogeneous object illumination. In contrast, by applying the feedback phase correction algorithm the large sphere is homogeneously illuminated [ Fig. 9(b) ] and allows thin sectioning as shown in Fig. 5(c) . The sphere radius and refractive index estimated from the refraction of one reference beam according to the procedure described in Section 5 is R est 23.53 μm and n est 1.40. It shows a very good agreement with the actual values of R 23.50 μm and n 1.41.
The algorithm works equally well for the nonhomogeneous cell cluster as displayed in Fig. 10(b) . In this case the radius of the cell cluster and its average refractive index have been estimated from the propagation of four reference beams, resulting in R est 23.52 μm and n est 1.40. Again these values are in good agreement with the actual radius R 23.50 μm and average index n avg 1.38. The intensity variations inside the specimen result from the scattering of light at the thousands of cells and thereby can reveal internal structures of the specimen depending on the imaging process.
The increase in imaging efficiency due to our feedback phase correction is shown quantitatively by the average fluorescence decay along the propagation axis for the large sphere in Fig. 11(a) and for the cell cluster in Fig. 11(c) . Each graph displays two averaged intensity profiles for the corrected and uncorrected case of the confocal line imaging mode. A strong improvement in the signal homogeneity up to 330% for the large sphere and 200% for the cell cluster is clearly visible in Figs. 11(b) and 11(d), respectively.
Discussion and Conclusion
We have performed a feasibility study for a feedback phase correction algorithm to improve the image quality in microscopy with self-reconstructing beams. In particular we have applied the BPM to simulate a realistic illumination inside large spherical specimens, such as multicellular spheroids, plants, or embryos. We have demonstrated by computer simulations that laterally scanned Bessel beams in combination with confocal line detection result in very thin light sheets revealing excellent optical sectioning. However, due to beam refraction and deflection at the interfaces of the spherically shaped specimens, the beams do not propagate parallel to the detection slit, thus degrading the specimen illumination and the image quality. By measuring the exit angle of the transmitted beam behind the specimen using phase-shifting interferometry, we could correct for the incident angle and hence for the propagation direction inside the specimen. Alternatively one could measure the beam's exit angle by the shift of the ring spectrum. However, for more complicated phase corrections of the Bessel beam, a 2D phase retrieval is more advantageous. The homogeneity of the illumination and fluorescence detection could be greatly improved for both the simple model of a large sphere and for the more advanced model of a cluster of shell-like spheres.
We could show by our simulations that a Bessel beam with its cone-like spectrum of k-vectors can be approximated as a ray even after refraction at a spherical interface. Based on this result, we have used the paraxial approximation of the ray transfer matrix to establish a relation between the incident angle and the exit angle. By taking only a few reference measurements in the central part of the specimen, its radius and mean refractive index could be retrieved with remarkable precision. With these two parameters we were able to correct for the incident beam angle from the exit beam angle, leading to very satisfying imaging results with a signal enhancement of 200%-300% in the back part of the image. This method can be extended to other geometric shapes, such as elongated spheres or cylinders, resulting in different Eqs. (8)- (11) .
In our computer simulations we have designed the presented system to be realistic, such that in the near future it can be repeated in a real experiment using a new generation of light-sheet-based microscopes equipped with SLMs and the possibility of a fast phase readout. This will in principle enable the correction of the phase and thereby the illumination for each incident beam and each position inside the specimen. 
